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ABSTRACT: Proxy climate data can be obtained from reconstructions of hydrological changes on
ombrotrophic (rain-fed) peatlands using biological indicators, such as testate amoebae. Reconstruc-
tions are based on transfer functions, relating modern assemblage composition to water table and
moisture content, applied to fossil sequences. Existing transfer functions in Europe and elsewhere
are limited geographically and there are often problems with missing or poor analogues. This
paper presents a new palaeohydrological transfer function based on sampling raised mires from
across Europe. Relationships between assemblages and hydrological variables are described using
ordination analyses. Transfer functions are developed for depth to water table (n¼ 119) and moisture
content (n¼ 132) with root mean squared errors (RMSEP) of 5.6 cm and 2.7% respectively. Both
transfer functions have an r 2 of 0.71, based on ‘leave one out’ cross-validation. Comparisons with
an existing transfer function for Britain show that the European transfer function performs well in
inferring measured water tables in Britain but that the British data cannot be used to infer water tables
for other European sites with conﬁdence. Several of the key missing and poor analogue taxa problems
encountered in previous transfer functions are solved. The new transfer function will be an important
tool in developing peat-based palaeoclimatic reconstructions for European sites. Copyright  2006
John Wiley & Sons, Ltd.
KEYWORDS: Holocene palaeoclimate; water table; transfer function; peatlands; testate amoebae.
Introduction
A range of palaeoenvironmental evidence is available in peat
deposits, including microfossils and other biological remains,
physical properties and geochemical characteristics (Charman,
2002). The reconstruction of palaeohydrological conditions on
ombrotrophic peatlands is of particular interest because such
reconstructions can be interpreted as palaeoclimate records
of water balance (Barber, 1981). Several methods have been
used to reconstruct palaeohydrology, including plant macro-
fossils indicating changes in plant communities, and humiﬁca-
tion, a measure of relative decay. Over the last decade, testate
amoebae (a group of protists) have become established as an
additional palaeohydrological indicator, especially with the
advent of quantitative reconstructions from transfer functions
from sites in various parts of North America, Europe and
New Zealand (Warner and Charman, 1994; Charman, 1997;
Woodland et al., 1998; Charman and Hendon, 2000; Mitchell
et al., 2001; Booth and Jackson, 2003).
These studies established the relationship between testate
amoebae and hydrology (measured as depth to water table)
through multivariate ordination analyses. They then use train-
ing sets of modern testate amoebae assemblages and depth to
water table for reconstructing hydrological changes from fossil
assemblage data. To date, such reconstructions have only been
carried out using modern data from a relatively limited geogra-
phical area applied to sites within the same region. Local mod-
ern training sets from the speciﬁc site or region in which the
fossil data are taken may often be adequate for reconstructing
past changes. However, there are a number of problems with
this approach including: (1) poor or no modern analogues for
some taxa; (2) difﬁculty in comparing results from different
regions when the reconstructions are based on different transfer
functions. Poor analogues often arise because the variability in
the fossil record from a site is often much greater than the varia-
bility in the modern fauna from the same site and others in the
local area. For example, in Britain, many fossil studies report
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high abundance of taxa such as Hyalosphenia subﬂava, which
occurs less frequently and in lower abundance in modern data.
A more signiﬁcant problem is the lack of any modern analo-
gues for some taxa. One taxon, Difﬂugia pulex type, is the
dominant in some sections of the fossil record from Britain
(Hendon et al., 2001; Langdon et al., 2003; Blundell and
Barber, 2005; Langdon and Barber, 2005), yet is not present
in the modern training set used to infer past water table varia-
bility (Woodland et al., 1998).
Occasionally, transfer functions have been applied to sites
outside the region in which they were developed on the basis
that testate amoebae have a cosmopolitan distribution and
show similar responses to hydrology in different parts of the
world (Charman et al., 2004; Caseldine and Gearey, 2005).
Again, this may produce satisfactory results, but it is much
more likely to give rise to poor analogues or analogues which
do not represent correct relationships between hydrology and
assemblage composition for that particular area.
In this paper we tackle some of these problems by collecting
and analysing new data from sites distributed over a much
wider region, representing a more complete range of raised
mires in Europe. A new transfer function is developed which
overcomes the uncertainties inherent in applying regionally
speciﬁc transfer functions, and many of the problems of no or
poor analogues that were previously encountered in the trans-
fer function for Britain. The model is tested both by cross-
validation and by comparisons with the regional transfer
function from Britain.
Methods
Eight sites from across Europe were sampled for modern assem-
blages of testate amoebae (Fig. 1, Table 1). The sites were
selected to represent the major axes of longitudinal and latitu-
dinal variability in the raised mires of Europe. In particular, the
gradient from hyperoceanic raised mires (Ireland) to continen-
tal raised mires (Estonia) was an important component of site
selection. At each site, a series of three transects was estab-
lished. Six sample locations along each transect were selected
to cover the microtopographical gradient from hummock to
hollow, and the three transects were placed to represent any
signiﬁcant variation in larger-scale vegetation variability.
At each location, a sample of 10 10 cm horizontal dimen-
sions and 5 cm depth was removed with a large serrated knife.
The sample was divided into two equal halves. One half was
used for analysis of testate amoebae and the other for physical
peat properties (see below). At each sample location, the depth
to water table, dominant plant cover in the sample and sur-
rounding 1m2 were recorded at the time of sampling. The
water table depths therefore only represent the time of sam-
pling in the late summer of 2003. In addition, at several sites,
the pH and conductivity were also measured, mainly to check
the sites were all low-pH, avoiding the inﬂuence of confound-
ing variables in the hydrological relationships investigated.
Samples were returned to the laboratory immediately after
ﬁeldwork. One half of each sample was weighed, oven-dried
and reweighed to measure moisture content and bulk density.
The other half of the sample was processed for testate amoebae
analysis using standard techniques (Hendon and Charman,
1997), except that safranin stain was not used and samples
were mostly counted in water rather than glycerol as this pro-
vides better visibility of some features. Counts were all in
excess of 150 tests and identiﬁcations were made using the
criteria in Charman et al. (2000).
The relationships between testate amoebae assemblages and
hydrological variables were explored using CANOCO 4.02
(Ter Braak, 1988). Detrended correspondence analysis (DCA)
on the whole raw data set was used, and taxa with low abun-
dances or a small number of occurrences were not excluded.
Canonical correspondence analysis (CCA) was used to explore
the relationships between taxon assemblages and hydrological
variables only as the water chemistry dataset was incomplete.
C2 (Juggins, 2003) was used to develop transfer functions for
depth to water table and moisture content. Again, the raw per-
centage data were used for this and no taxa were excluded
from analyses. The performance of a series of models was
tested to assess which would be most suitable for reconstruct-
ing palaeohydrology for fossil assemblages, using leave-one-
out cross-validation (‘jack-kniﬁng’). All RMSEP and r 2 values
refer to cross-validated estimates. An optimal transfer function
was further tested by comparisons with an independent mod-
ern data set from the United Kingdom (Woodland et al., 1998).
Results and discussion
There were 143 samples with counts of 150 5 tests. The num-
bers of tests in four samples (from the Faroe Islands, Denmark
and Ireland (two samples)) provided totals too low to include in
further analyses. During ﬁeld sampling it was not possible to
measure the depth to water table at the Spanish site, because
the water was too far below the surface. The Spanish data were
therefore excluded from analyses that required water table data
(see below). The pH and conductivity measurements con-
ﬁrmed that most of the sites are oligotrophic and the assem-
blages are therefore unlikely to be affected by differences in
base and nutrient status (Table 1). The pH and conductivity
values for the Faroese site are sufﬁciently high (pH 6.6–7.0,
conductivity 53–105 mS cm1) for the testate amoebae fauna
to be inﬂuenced partly by geochemistry. Usually this inﬂuence
is subordinate to that of hydrology (Tolonen et al., 1994), but
nevertheless it is important to be aware of this as a possibility
in interpreting relationships with hydrological variables.


















Figure 1 Location of study sites. See Table 1 for further site details
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vegetation, with pH in the range 3.8–4.3, conductivity
26–78mS cm1 where it was measured. There is some
suggestion of higher pH and conductivity in the more oceanic
sites (pH 4.0–4.3 conductivity 43–78mS cm1 for England, and
pH 3.8–4.0 and 26–49mS cm1 for Estonia).
Testate amoebae assemblages and
environmental variables
Detrended correspondence analysis (DCA) of the complete
dataset shows considerable overlap in the assemblages from
the different sites, conﬁrming the cosmopolitan distribution of
many taxa (Fig. 2). Bissendorfer Moor (Germany) occupies a
distinctive position in the ordination space and lacks any signif-
icant overlap with the other sites. This is probably due to the
high abundance ofHyalosphenia subﬂavawhich does not gen-
erally occur in such high levels in the other sites. Samples from
this site also contain Arcella discoides type, an unexpected
result as in studies of modern faunas, H. subﬂava is normally
reported as being a very dry indicator and A. discoides type
is usually found in wet hollows and bog pools (Corbett,
1973; Tolonen, 1986). However, these two taxa seem to have
coexisted in the past, as they have been found in fossil samples
(Hendon et al., 2001; Blundell and Barber, 2005). Some of the
Spanish and Faroese samples are also positioned closer to the
German samples, suggesting that there are some similarities in
the fauna from these sites. The species ordination mostly
appears to reﬂect a hydrological gradient from wet (low values)
to dry (high values) along axis 1 (Fig. 2(b)). The main exception
to this is A. discoides type and its anomalous association with
relatively dry taxa. The relationship between taxa and hydrolo-
gical status is discussed in greater detail below.
Constrained ordination analysis using canonical correspon-
dence analysis (CCA) was carried out on the dataset, excluding
the Spanish samples where water table data were unavailable
(Fig. 3). The main axis of variation is clearly related to hydro-
logical status with percentage moisture and depth to water
table occurring at opposite ends of axis 1. A Monte Carlo per-
mutation test shows this axis is signiﬁcant (p< 0.001). Further
tests on the moisture and water table variables on their own
show they are both signiﬁcant at p< 0.001. Both variables
explain 7.0% of the total taxon variability on their own, or
13.4% together. Bulk density is a secondary gradient and sepa-
rates many of the samples from Bissendorfer Moor (Germany)
from the others. Bulk density explains 5.3% of the variability on
its own and 16.8% when combined with the other two vari-
ables. Despite the higher pH of the Faroe Islands site, the sam-
ples do not form an outlying group suggesting the inﬂuence of
base status is insigniﬁcant for these samples.
A plot of taxon distribution over the main hydrological
gradients shows that many taxa show a strong relationship with
both depth to water table and moisture content (Fig. 4). Taxa at
the wet end of these gradients are more likely to be restricted to
a narrow range of conditions than those at the drier end of the
gradients. Wet-indicating taxa rarely occur in relatively dry
locations but dry-indicating taxa are often present in low
amounts in relatively wet locations. The implications of this
ﬁnding are discussed below.
Transfer function development
The testate amoebae data show strong relationships with both
moisture and depth to water table. This is not surprising as the
two variables are correlated with each other (r¼ 0.53,
p< 0.001). The moisture content shows much more variability
than the water table and there is a subgroup of samples where
the moisture content is much lower than would be expected
from the position of the water table (Fig. 5). Almost all of these
outlier samples are from Bissendorfer Moor, Germany, con-
ﬁrming that there is something unusual about many of these
samples. These samples also had a generally higher bulk den-
sity than those from other sites, which would tend to produce
lower moisture content by weight. The reasons for these unu-
sual physical characteristics are unknown, but drainage or ﬁre
are both possible causes. Although there is no evidence on the
surface for either of these having inﬂuenced the sample loca-
tions, it is possible that the vegetation has recovered sufﬁciently
to mask the effects of earlier damage. It is likely that moisture
content is a less reliable parameter than depth to water table,
owing to much greater short-term (diurnal and day-to-day)
variability in the ﬁeld and the potential for evaporative loss dur-
ing and after sampling. The transfer function development and
testing therefore focused principally on water table, although
moisture data were also analysed for comparison.
The performance of several different models for water table
was very similar, with a two-component weighted average par-
tial least squares (WAPLS) model the best-performing model
(RMSEP¼ 7.64 cm, r2¼ 0.60) (Table 2). The tolerance down-
weighted weighted average model (WA-Tol) displayed very
similar performance and other less conventionally used models
such as a weighted average modern analogue technique
(WMAT) also produced similar statistics. Comparisons of the
observed and predicted water tables from the analysis showed
that the performance of the model was particularly poor for a
few samples with very deep water tables (Fig. 6(a)). These were
removed following screening of the samples with residuals
greater than 20% of the full range (11.8 cm). These samples
may have been affected by problems of non-equilibration of
water tables before measurement. A model based on the
removal of the screened samples resulted in an improved
RMSEP of 5.6 cm with an r2 of 0.71 for the WAPLS two-compo-
nent model and a marked improvement in the WMAT model
Table 1 Details of sites sampled
Number Name and country Latitude Longitude Altitude (m) Samples (n) Water table (cm) Moisture (%)
on Fig. 1
1 Kontolanrahka, Finland 60  470 N 22  470 E 87 24 0–34 80.9–97.0
2 Ma¨nnikja¨rve, Estonia 58  520 N 26  140 E 82 18 0–47 87.1–95.9
3 Lille Vildmose, Denmark 56  500 N 10  150 E 7 18 1–31 58.8–97.1
4 Bissendorfer Moor, Germany 52  310 N 09  400 E 52 18 0–56 62.3–96.3
5 Butterburn Flow, England 55  050 N 02  300 W 280 18 5–38 77.0–96.1
6 Ballyduff bog, Ireland 53  050 N 08  000 W 60 18 3–25 79.1–97.5
7 Pedrido, Spain 43  270 N 07  320 W 824 15 ND 75.4–93.4
8 Ma´saklettar, Faroe Islands 62  100 N 06  540 W 250 18 0–40 78.6–94.7
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Figure 2 Ordination based on DCA of all testate amoebae data. (a) Sample ordination, showing relationships between different sites. (b) Species
ordination. Site numbers are the same as Fig. 1 and Table 1. Full taxa names as follows: AMPFLA, Amphitrema ﬂavum; AMPSTE, Amphitrema
stenostoma; AMPWRI, Amphitrema wrightianum; ARCART, Arcella artocrea type; ARCCAT, Arcella catinus type; ARCDIS, Arcella discoides type;
ARCGIB, Arcella gibbosa type; ARCHEM, Arcella hemispherica type; ARCVUL, Arcella vulgaris type; ASSMUS, Assulina muscorum; ASSSEM,
Assulina seminulum; BULIND, Bullinularia indica; CENACU, Centropyxis aculeata type; CENCAS, Centropyxis cassis type; CENPLA, Centropyxis
platystoma type; CORTYP, Corythion-Trinema type; CRYOVI, Cryptodifﬂuga oviformis type; CYCARC, Cyclopyxis arcelloides type; DIFBAC,
Difﬂugia bacillifera type; DIFBACIL, Difﬂugia bacilliarium; DIFLEI, Difﬂugia leidyi; DIFLUC, Difﬂugia lucida type; DIFOBL, Difﬂugia oblonga type;
DIFPEN, Difﬂugia penardi type; DIFPRI, Difﬂugia pristis type; DIFPUL, Difﬂugia pulex type; DIFRUB, Difﬂugia rubescens; EUGACAN, Euglypha
acanthophora; EUGCOM, Euglypha compressa type; EUGCRIS, Euglypha cristata; EUGROT, Euglypha rotunda type; EUGSTR, Euglypha strigosa
type; EUGTUB, Euglypha tuberculata type; HELPET, Heleopera petricola; HELROS, Heleopera rosea; HELSPH, Heleopera sphagni; HELSYL,
Heleopera sylvatica; HYAELE,Hyalosphenia elegans; HYAPAP,Hyalosphenia papilio; HYASUB, Hyalosphenia subﬂava; NEBCAR,Nebela carinata;
NEBCOL, Nebela collaris; NEBFLA, Nebela ﬂabellulum; NEBGRI, Nebela griseola; NEBMAR, Nebela marginata; NEBMIL, Nebela militaris;
NEBMIN, Nebela minor; NEBPAR, Nebela parvula; NEBTIN, Nebela tincta; NEBTUB, Nebela tubulata; NEBVIT, Nebela vitraea; NEBWAL, Nebela
wailesi type; PSEFUL, Pseudodifﬂugia fulva type; SPHENFIS, Sphenoderia ﬁssirostris type; TRIARC, Trigonopyxis arcula type
Copyright  2006 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 22(3) 209–221 (2007)
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(RMSEP¼ 5.6 cm, r 2¼ 0.74). Given the sensitivity of the
WMAT model to outlying samples the WAPLS model is prob-
ably more reliable and this remains our favoured model
(Fig. 6(b)), despite the marginally higher r 2 for WMAT. Interest-
ingly, the screened samples were not predominantly from the
German site that appeared to have a rather different assem-
blage composition from most other sites in the ordination ana-
lyses. To provide a further check on whether the German
samples are anomalous in terms of their relationship with water
table, the WAPLS 2 component model was run with the
German samples outside the training set. The predicted water
tables for the German samples were strongly correlated with
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Figure 3 Constrained ordination from CCA of all samples excluding the Spanish data where water table data were unavailable. (a) Sample ordination
grouped by site. (b) Species–environment biplot. Numbers are the same as Fig. 1 and Table 1. Taxa abbreviations as in Fig. 2
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their observed values (r2¼ 0.74). This implies that despite the
unusual properties of the German samples, their inclusion in
the transfer function has not had a distorting inﬂuence on the
inferred water table values.
A transfer function for moisture was also tested (Table 3).
Surprisingly, the performance of both modern analogue techni-
ques (MAT) was signiﬁcantly better than the other approaches
which are more conventionally used. The WMAT results
yielded an RMSEP of 4.46% and an r2 of 0.58. Although there
were concerns over the quality of some aspects of the moisture
data, these results are similar to those for water table. Again,
screening resulted in signiﬁcant improvement to the perfor-
mance of the WMAT model (RMSEP¼ 2.67%, r2¼ 0.71) and
suggests that the reconstruction of moisture levels is also possi-
ble using this dataset. In screening, most of the samples
removed were also extreme dry samples. These are likely to
underestimate average moisture levels because of greater
short-term variability in moisture content and perhaps due
to the effects of sample transport and storage. However, the
performance of the model is still poor for drier samples, and
most of the inferred values are highly overestimated at this
end of the gradient (Fig. 7). The good performance of the
MAT models for both moisture and water table transfer func-
tions is a surprising ﬁnding, although these models have not
been extensively tested in testate amoebae studies. However,
given the potential problems of autocorrelation in MAT
approaches, the weighted average based techniques may pro-
vide more robust reconstructions (Telford and Birks, 2005).
Although we would expect this effect to be less marked for
samples from ombrotrophic peatlands, spatial autocorrelation
might be expected between samples from the same sites, which
could affect the accuracy of reconstructions.
Hydrological optima for taxa
Taxon optima show a typical pattern for both water table and
moisture (Fig. 8). The general order of taxa is similar to many
other studies (see Charman et al. (2000) for a review), with taxa
such as Difﬂugia bacillifera, D. bacilliarium, Nebela carinata
and Amphitrema wrightianum at the wettest end of the gradient
and Hyalosphenia subﬂava, Trigonopyxis arcula, Bullinularia
indica and Corythion-Trinema type at the driest end of the
gradient.
There are some differences in the relative positions of some
taxa on the water table and moisture gradients (Fig. 8). To com-


























Figure 5 Relationship between percentage moisture and water table
depth for all samples, categorised by site. Site symbols as in Figs 2 and 3
Table 2 Summary of performance of different models for water table using the full dataset, based on jack-knifed (‘leave-one-out’) cross-validation
and in order of performance assessed by the root mean squared error of prediction (RMSEP). Only the ‘best’ version of each main approach is shown.
Figures in parentheses are following exclusion of outlier samples identiﬁed from the WAPLS analysis
Model R2 Average bias Max. bias RMSEP
WAPLS Component 2 0.60 (0.71) 0.31 (0.05) 26.6 (8.5) 7.64 (5.63)
WA-Tol (inverse deshrinking) 0.60 (0.67) 0.56 (0.27) 30.6 (9.5) 7.65 (5.97)
PLS Component 4 0.59 (0.68) 0.23 (0.02) 26.1 (8.2) 7.78 (5.86)
WMAT 0.59 (0.74) 0.48 (0.40) 37.5 (9.6) 7.90 (5.60)
WA (inverse deshrinking) 0.55 (0.66) 0.30(0.09) 30.8 (6.8) 8.13 (6.88)
Abbreviations: WA, weighted average; WA-Tol, weighted average (tolerance downweighted); WAPLS, weighted averaging partial least squares;
WMAT, modern analogue technique (weighted average of 10 closest analogues); PLS, partial least squares.














































Figure 6 Predicted and observed water tables from the two-component WAPLS model (a) on the entire dataset, (b) after screening to remove data
with high residuals
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each gradient was calculated for all 46 taxa occurring in >3
samples. The difference in ranking was expressed as the water
table rank minus the moisture rank (Fig. 9). While many taxa
occur in similar positions on the gradients, there are two clear
groups of taxa which tend to occur in relatively wet or
relatively dry positions on the water table gradient compared
to their position on the moisture gradient. Some of these taxa
have low frequency and therefore estimates of optima are sub-
ject to greater error. Notable taxa which are more than 10 rank
points wetter in the water table gradient and occur in a large
number of samples (>20) are Pseudodifﬂugia fulva type,
Arcella discoides type and Difﬂugia pulex type. Using similar
criteria, the taxa that are in locations at the drier end of the
water table gradient are Hyalosphenia papilio, Assulina semi-
nulum type, Arcella catinus type and H. elegans. Some of the
rank differences illustrated in Fig. 9 may arise from differences
in the training sets used for moisture and water table transfer
functions and the fact that a number of samples with intermedi-
ate water tables have lower than expected moisture content
(Fig. 5). However, a repeat analysis for moisture using exactly
the same subset of data that was used for water table (n¼ 119)
highlighted the same subset of taxa, implying that there are fun-
damental differences between taxa and their relationship with
the different hydrological parameters. Some taxa appear to
require a higher water table but are able to survive relatively
lower moisture content (Pseudodifﬂugia fulva type, Arcella dis-
coides type, Difﬂugia pulex type). Other taxa require relatively
high moisture content even though they tend to occur where
water tables are relatively low (Hyalosphenia papilio, Assulina
seminulum type, Arcella catinus type, H. elegans). However, a
further consideration is the fact that the ranking is not linear
with each rank representing a larger increment in some parts
of the gradient, especially towards the dry end. For example
although Hyalosphenia papilio is ranked 14 places higher on
the moisture gradient than on the water table gradient, it is still
within ‘mid-range’ values on both. In applying transfer func-
tions, it may be valuable to reconstruct both water table and
moisture for fossil sequences, to try to differentiate between
these two variables for past hydrological changes. However,
it seems unlikely that there will be large differences between
reconstructed water tables and reconstructed moisture levels,
unless assemblages are dominated by the taxa identiﬁed above.
Difﬂugia pulex type is perhaps the most abundant of these taxa
in fossil sequences. Its abundance in mid-Holocene sequences
may suggest conditions with higher water table but low moist-
ure content, perhaps related to more intense desiccation by
wind and/or insolation.
Besides the optimum values for individual taxa, it is clear
that the tolerances and ranges also vary along the hydrological
gradients. In particular, the calculated tolerances (Fig. 8) and
the full ranges (Fig. 4) of taxa with wet optima have much more
restricted distributions than those with dry optima. Thus recon-
structions during phases of wetter conditions are likely to be
more accurate and precise than those for dry phases. For dry
conditions, the lack of wet and intermediate indicators is per-
haps a better indicator of hydrology than the presence of dry
taxa. Low abundances of dry indicators in wetter sites may
be a result of greater tolerance of wet conditions by the taxa
concerned, or perhaps more likely because of the occurrence
of a limited number of dry microscopic niches within the sur-
face moss layers in otherwise generally wet locations. These
small microsites would allow small numbers of xeric amoebae
to coexist with more hygrophilous taxa, but would limit their
abundance.
Table 3 Summary of performance of different models for moisture using the full dataset, based on jack-knifed (‘leave-one-out’) cross-validation and
in order of performance assessed by the root mean squared error of prediction (RMSEP). Only the ‘best’ version of each main approach is shown.
Figures in parentheses are following exclusion of outlier samples identiﬁed from the MAT analysis
Model R2 Average bias Max. bias RMSEP
WMAT 0.58 (0.71) 0.28 (0.25) 21.1 (6.3) 4.46 (2.26)
WA-Tol (inverse deshrinking) 0.50 (0.62) 0.17 (0.05) 24.0 (7.9) 4.87 (2.97)
PLS Component 4 (component 5) 0.50 (0.65) 0.05 (0.02) 25.2 (6.7) 4.91 (2.91)
WAPLS Component 1 (component 3) 0.48 (0.64) 0.11 (0.05) 23.0 (5.8) 4.98 (2.95)
WA (inverse deshrinking) 0.48 (0.57) 0.11 (0.01) 23.0 (8.8) 4.98 (3.12)
Abbreviations: WA, weighted average; WA-Tol, weighted average (tolerance downweighted); WAPLS, weighted averaging partial least squares;
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Figure 7 Predicted and observed moisture content from the modern analogue technique using the weighted average of the 10 nearest analogues (a)
on the entire dataset, (b) after screening to remove data with high residuals
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Improving analogues
A notable taxon in the transfer function is Difﬂugia pulex
type, which has occurred frequently and in abundance in fossil
datasets from Britain and elsewhere, but does not appear in the
British training set of Woodland et al. (1998) and therefore has
no good modern analogue data. This taxon appears at inter-
mediate (water table) and slightly drier (moisture) positions in
the hydrological gradient in the European data. The data are
good quality with 36 samples in the moisture training set and
26 in the water table training with a maximum abundance of
23% of the total fauna (Fig. 10). These results support the
hypothesis that D. pulex is a taxon of moderately dry condi-
tions as suggested by Hendon (1998). D. pulex type is also
one of the taxa that occurs in wetter locations on the water
table gradient than it does on the moisture gradient (see above).
It occurs most frequently in the Spanish, Irish and Faroese sam-
ples and is absent (except for a single occurrence) in the Esto-
nian and Finnish samples, suggesting that it is a taxon mainly of
oceanic conditions. It was also found in fewer samples and
generally low abundance in the British, German and Danish
samples, although the highest single abundance was recorded
in one of the German samples with low moisture content.
Other taxa for which the analogues are very much improved
are several of the drier indicators. In particular, Hyalosphenia
subﬂava is a taxon for which modern European data are sparse,
particularly in the UK training set, although reasonably good
for some North American studies (Charman, 1992; Warner
and Charman, 1994; Booth, 2002). In the European dataset
there are 26 occurrences at up to 87% abundance in the moist-
ure data set and 19 occurrences at up to 61% in the water table
training set (Fig. 10). All the samples with high abundances of
H. subﬂava were from either Spain or Germany. Both these
sites had generally low moisture levels in the surface and water
tables were low. The new data conﬁrm this taxon as being one
of the driest indicators on oligotrophic peatlands and provide
much better modern analogues for samples dominated by H.
subﬂava. Despite the improvements to estimates of optima
and tolerances for H. subﬂava and D. pulex type it is still
desirable to obtain further data from a wider range of locations
within Europe to reﬁne the hydrological niche estimates,
and especially to have more analogues with very high
abundances.
Finally, several taxa for which no data or only occasional
records previously existed are also recorded here, including
Euglypha cristata, Nebela wailesi type, and Sphenoderia ﬁssir-
Figure 8 Optima and tolerances from the screened data sets based onweighted averaging for (a) depth to water table (n¼119), and (b) moisture (n¼132)
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ostris type, but it is not yet clear how common these taxa are in
fossil sequences from European sites. Several of these taxa are
also present only in low abundance in a small number of mod-
ern samples so that optima and tolerances are less certain than
for other better known taxa.
Testing the transfer function
A further test of the transfer function was undertaken by using
an independently derived data set from the British training set
(Woodland et al., 1998), which has been extensively applied to
data from the United Kingdom and sometimes to data else-
where in Europe (Charman et al., 2004, 2006). These data con-
sist of 160 samples from sites where long-term water table
monitoring data were available; hence the mean annual values
are more reliable than the single measurements taken in most
studies. If the model is performing in the same way on
unknown data, the mean prediction errors (as compared to
observed values) should be similar to those found in cross-
validation. In this case, the mean prediction error was
5.4 cm, very similar to the RMSEP of 5.6 cm obtained from
cross-validation. The predictions were also generally for drier
conditions than observed, with the mean residual being
1.8 cm deeper than the observed values.
The British transfer function was also applied to the European
data and yielded much poorer results. The mean error in pre-
dictions for the European dataset was 9.4 cm, compared
with an RMSEP of 4.0 cm for jack-knifed cross-validation of
Figure 9 Differences in the relative ranking of taxa along the moisture and water table gradients. Taxa with n< 10 are excluded. The rank difference
is expressed as the water table ranking minus the moisture ranking. Taxa to the left are placed in wet positions and taxa to the right are in dry positions
on the water table gradient relative to the moisture gradient
Figure 10 Abundance ofDifﬂugia pulex type (top) andHyalosphenia subﬂava (bottom) against water table depth and moisture content. Open circles
show samples which were identiﬁed as outliers in the transfer functions, using the overall relationship between taxa assemblages and the hydrological
variable of interest
218 JOURNAL OF QUATERNARY SCIENCE
Copyright  2006 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 22(3) 209–221 (2007)
the British data. In addition, the predictions from the British
data were almost all too low by an average of 8.5 cm, with
much wetter conditions predicted than actually observed.
The results can be explained in two main ways. First, the
range of variability sampled in the European data is much
wider than that for the British transfer function. The perfor-
mance of the European transfer function is good when applied
to the British data, but the British data are poor at inferring
values for peatlands from a wider region. This suggests that
despite the cosmopolitanism of testate amoebae, the assem-
blages of these taxa vary considerably across the continent.
This is also suggested by the ordination analyses where some
sample sites occupy different parts of the ordination space.
Data from North America support the idea that assemblages
vary at the sub-continental scale, although many individual
taxa are cosmopolitan. The hydrological indicator value of taxa
is similar over broad regions, but the detail of community
composition differs (Charman and Warner, 1997; Booth and
Zygmunt, 2005). Second, the British data are annual average
data, which are likely to be generally lower than the early
summer and autumn water tables sampled in the European
dataset, partly explaining the differences in average residual
values.
Applying the transfer function to fossil data
As a ﬁnal test of the comparability of the transfer function with
the existing UK transfer function, reconstructions of a high-
resolution core from Butterburn Flow, England, were carried
out. The data are those presented by (Hendon and Charman,
2004) and document water table changes on a raised mire in
northern England over the past 300–400 yr, although only the
dating for the last 200 years is secure. A reconstruction was
made using the WAPLS 2 component water table transfer func-
tion and this was compared with the original reconstruction
based on the British transfer function (Fig. 11). The linear cor-
relation between the two reconstructions is 0.94 with an r 2 of
0.88. It is clear that the overall patterns of change are very simi-
lar but that the magnitude of change inferred from the European
transfer function is much greater than that of the British transfer
function. The same reasons discussed above explain some of
the differences in the reconstructions, but the use of mean
annual average data in the British transfer function does not
produce systematically wetter values for all samples. While
there is an overall bias to wetter values in the British recon-
struction of about 0.8 cm, both the dry and wet periods are
greater in magnitude in the European reconstruction. Presum-
ably this is due to the greater range of sampled variation which
‘stretches’ the relative wetness gradient. This inﬂuence over-
rides the inﬂuence from the bias towards sampling mostly rela-
tively wet sites in the UK training set. The prediction error
estimates are also slightly higher from the European transfer
function (approximately 5.5 cm compared to 4.1 cm). How-
ever, the precision of the reconstruction is higher relative to
the overall range of reconstructed values and represents an
improved signal-to-noise ratio. It is also interesting to note that
the inclusion of the previously missing analogue taxon, Difﬂu-
gia pulex, in the new transfer function has not resulted in sig-
niﬁcant difference in the main patterns of reconstructed
changes. The fossil assemblages include up to 50% D. pulex,
similar to many other fossil assemblages.
CONCLUSIONS
The development of a transfer function for depth to water table
from testate amoebae analysis on European ombrotrophic peat-
lands provides a signiﬁcant improvement to existing transfer
functions within the European region. It will therefore provide
the basis for improved palaeoclimatic reconstructions from
ombrotrophic peatland records in this region. In addition, the
exploration and analysis of the data provides more general
insights into the development and application for transfer func-
tions in other parts of the world and perhaps for other groups of
organisms. The extent to which these insights are applicable to
other organisms will depend on their biology, ecology and,
particularly, their biogeography.
1 The inclusion of a larger range of sites representing much of





























Figure 11 Reconstructions of water table for a core from Butterburn Flow, England, based on the European (this paper) and UK (Woodland et al.,
1998) transfer functions. Error bars show estimated errors of prediction based on bootstrapping
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increased range of analogues for fossil assemblages. A good
example of this is the establishment of analogues for Difﬂu-
gia pulex type and improved analogues for samples
with abundant Hyalosphenia subﬂava. Despite intensive
sampling in Britain, including from sites where these taxa
formerly occurred in abundance, no good modern analo-
gues had previously been found. This demonstrates the need
for modern training sets which encompass a much broader
range of modern conditions than currently occur within rela-
tively small regions such as Britain. Analogues for fossil
assemblages must sometimes be sought outside of the region
from which the fossil records are derived. This is a classical
problem in palaeoecology (Lowe and Walker, 1997), but
one which becomes particularly acute in the application of
quantitative transfer functions where the absence of an ana-
logue taxon or poor quality data for a taxon can seriously
limit the reliability of the inferences made. There is some-
times a tendency to accept uncritically results based on such
inferences from quantitative approaches.
2 Tests of the European transfer function by comparison with
an independent modern dataset from Britain suggest that
hydrological variability for a smaller region can be inferred
accurately from the European data. In contrast, the transfer
function from Britain cannot be applied reliably to the
broader European region. This is probably because of the
wider range of assemblages represented in the European
data. This ﬁnding is surprising given the cosmopolitanism
of testate amoebae. It is well known that the same taxa occur
over very large areas of the world (Tolonen, 1986), and most
of the same taxa occur in almost all North American and
European studies on ombrotrophic peatlands. Despite the
overall cosmopolitanism of testate amoebae, their assem-
blages clearly vary over smaller geographical scales.
3 The European transfer function produces similar results to
the British transfer function for recent fossil faunas for a site
in England. Directional changes are the same but the magni-
tude of inferred change is greater from the European transfer
function. This suggests that both are relatively robust for
quantifying relative changes but there is greater uncertainty
over the absolute values of reconstructed changes. This is
partly affected by the sampling range in the modern data
and highlights the need for samples to be taken across a
broad range of the environmental gradient of interest and
for samples to be as evenly distributed along this gradient
as possible.
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